Abstract-Selective wavelength tuning of multiple quantum well based infrared photodetector is achieved by non-uniform doping distribution as well as dimensional variation in the structure. Result is obtained from the computation of the intersubband transition energy through self-consistent solution of the Poisson's and Schrödinger equations with appropriate boundary conditions. Absorption coefficient is estimated in presence of external electric field applied along the direction of confinement. Suitable choice of structural parameters is required to tailor the peak position of absorption spectra for application in the infrared range as optical receiver.
INTRODUCTION
Bandgap engineering in quantum heterostructures has attracted researchers to focus their application on optoelectronic devices in infrared range [1] . Quantum well provides one-dimensional confinement to the motion of the charge carriers which leads to their quantization of energy. The position of the discrete energy levels in the conduction and valence band quantum wells is controlled by the thickness of the well and the surrounding barrier layer, quantum well doping density and material composition regulating the band-offset [2, 3] . The variation in the structural parameters or the externally applied bias or appropriate combination of both can tune the energy subband positions and consequently the intersubband gap in the well to tailor the effective band gap in nanostructures in contrary to the fixed band gap in bulk counterparts. Researchers have utilized this novel feature to design intraband or intersubband photodetectors using multiple quantum well structures for color spectra detection that overcome the limitation of monochromatic wavelength absorption by traditional bulk interband photodetectors [4] [5] [6] . In recent days Quantum Well Infrared Photodetectors (QWIPs) are widely used for short, mid, long and very-long wavelength infrared detection, thermal imaging, medical imaging and many other real life applications [7] [8] [9] . The impact of number of wells, doping density, applied bias and position of quasi-bound states on the operating wavelength and other performance parameters of the intersubband QWIPs have been reported by the researchers for multifarious applications [10] [11] [12] [13] . The dark current, photocurrent and detectivity of the multiple well infrared detectors with asymmetric barrier layer and stepped well design have also been investigated [14] [15] [16] . However, according to the knowledge of the authors, the study of the absorption coefficient with non-uniformity in dimensional as well as structural parameters in multiple quantum well based optical receiver is not paid attention to so far. In this paper, focus is made on the theoretical analysis of the absorption coefficient in non-uniformly wide and doped multiple quantum well intersubband photodetectors and hence, the choice of structure appropriate for application in the infra-red range is extracted.
The remaining sections of this article are organized as follows. The theoretical calculations involving the self-consistent solution of Schrödinger and Poisson's equations are shown in details in Section 2. The results and relevant explanations are given in Section 3. Finally, a conclusion is given in Section 4.
THEORY
We consider a multiple quantum well (MQW) structure consisting of doped quantum wells and undoped barriers grown along the direction of confinement and the rightmost contact end, i.e., collector region is positively biased with respect to the emitter region in the leftmost contact end. The absorption coefficient peak position corresponding to the incident photon wavelength depends on the subband energy position and intersubband energy difference in the wells at a particular applied bias. In order to compute the coefficient Schrödinger and Poisson's equations are solved self-consistently by analytical means.
The time-independent Schrödinger equation in a well (say, rth well) belonging to the MQW structure subjected to externally applied bias is given by Eq. (1),
where, is the reduced Planck's constant, m * the effective mass of electrons, q the electronic charge, F the electric field in the r-th region, V W the potential energy at the left end of the first quantum well from the emitter end, Ψ(x) the wave function, and E the total energy of the electron. Solution of the Poisson's equation (Eq. (2)) taking into account the ionized donor density (N + D,well,r ) and free electron concentration (n r ) in the quantum well gives the field F in this region (say, r-th well) as given below,
The self-consistent calculation begins with the solution of Eq. (1) for the computation of eigen energies in the quantum wells at zero bias for specified well width and well doping density. The internal electric field due to doping in the well layer causes band bending of the MQW structure even when it is unbiased to attain Fermi-level alignment throughout the structure. With the application of external voltage, the electric field and hence, the tilting of the energy band profile is further modified which aids in the thermionic emission of electrons from the quantum wells varying the free electron concentration in this layer and, this, in turn again influences the subband energy positions through band-offset profile. So, Eqs. (1) and (2) are solved self-consistently to accurately calculate the energy subbands in the quantum wells. For a given applied bias, the effective electric field in different well and barrier layers are found by summing the field due to external voltage and that due to doping distribution in the corresponding regions. The energy subbands at this bias is evaluated from the solution of Eq. (1) .
The effective number of electrons (N th ) coming out of the quasi-bound states in the quantum wells via tunneling assisted thermionic emission is obtained from Eq. (3) [17] ,
where, E j is the j-th subband in a well, L b the barrier width, L W the well width, f (E) the Fermi-Dirac distribution function, and (E) the transmission coefficient of electrons tunneling through neighboring barrier layer. Considering the variation of free electron concentration in the quantum well because of the above mentioned process, the modified value of the average electric field in the first quantum well is calculated from Eq. (4),
The new electric field distribution (F U W,k ) obtained in the other quantum wells (say, k-th well) except the first well near the emitter end through iterations of the self-consistent solution is expressed in a generalized manner as follows,
The calculations from Eqs. (1)- (5) are iterated until the condition of convergence is satisfied
| < 10 −4 ) to calculate near accurate position of energy subband(s) in the quantum well. The flowchart representation of the iterative procedure described here is given in Figure 1 . The accurate intersubband energy gap is subsequently computed using simple arithmetic. Figure 1 . Flowchart representing the self-consistent iterative procedure of solution of the Schrödinger and Poisson's equations to calculate the absorption coefficient in a multiple quantum well structure.
The oscillator strength of intersubband absorption in the quantum well for the incident photon energy ( ω) is estimated using Eq. (6) [17] ,
The intersubband absorption coefficient of the multiple quantum well infrared photodetector primarily depends on the momentum matrix element, difference in the subband density of electrons in the ground and the excited state and the incident radiation wavelength as mentioned in Eq. (7),
Here, N W is the number of wells, ε 0 the absolute permittivity, c the velocity of light, n ri the refractive index of the material, Γ the half-width at half-maxima, and ns f,r and ns j,r are the densities of twodimensional electron gas in the f -th and j -th subband, respectively. The delta-function in Eq. (7) is replaced by the Lorentzian lineshape function (℘) in Eq. (8) to obtain the absorption coefficient spectra of the non-uniform doped MQW structure under different design criteria as discussed in the next section.
RESULTS AND DISCUSSION
The absorption coefficient in a MQW structure is computed and plotted using Eq. (10). In Figure 2 , absorption coefficient is plotted with wavelength (λ) for a 50-period GaAs/Al x Ga 1−x As MQW structure at different well doping densities (N D ) keeping the contact layer doping density constant (2.0×10 24 m −3 ) at 77 K. It is seen from the plot that with increase of the well doping density, peak of the absorption coefficient makes a red shift. Absorption at different wavelength of incident radiation reflects the relative change in the intersubband energy gap with the variation in the well doping density. The barrier width and well width are 50 nm and 4 nm respectively. Results show that theoretical findings manifests close agreement with the available experimental data [10] . The absorption coefficient is plotted as a function of wavelength in Figure 3 for different number of wells. The absorption coefficient curves for the 30-and 10-well structures are normalized with respect to the 50-wells MQW structure. It is seen that the magnitude of absorption coefficient peak increases with increase in the number of wells, which in turn enhances the full width half maximum (FWHM). Since a specific applied bias keeps intersubband energy constant the total absorption coefficient is the summation of absorption of photons in each well. Hence by adding more wells in the structure, probability of photon absorption increases, which makes the coefficient higher. One important observation can be made from the figure is that the peak position is invariant with respect to the wavelength. Figure 4 shows the plot of absorption coefficient with wavelength for three different applied bias profile. With increase of field absorption coefficient peak shifts very slightly towards the shorter wavelength. This can be attributed to the infinitesimal increase in the separation between eigen energies in the quantum well with larger electric field. So, the absorption coefficient peak can be tuned to occur at the desirable operating wavelength by externally applied bias. This finding will play crucial role in designing photonic detectors using superlattice structures.
The results discussed so far are for the MQW structure with quantum wells of same doping density and thickness. Next, we study the effect of asymmetric and non-uniform well doping density on the absorption coefficient of the MQW structure. In Figure 5 , it is observed that both the nonuniform asymmetric and non-uniform symmetric doping density distribution yields higher magnitude of absorption coefficient at the same corresponding wavelength than the uniform, symmetric structure. However, the absorption coefficient peak attains its maximum value when the wells of the MQW structure are doped in a non-uniform symmetric fashion. This can be explained as follows. The absorption coefficient is directly proportional to the subband density of electrons as can be understood from the formula. With the non-uniform variation of the doping density from one well to another well either in asymmetric or symmetric manner, the subband density of electrons increases compared to that of the uniform, symmetric MQW structure. Thus, the absorption of incident photons in such non-uniform symmetrically doped MQW structure is enhanced at the same operating wavelength which is beneficial for the detection of the weak signal. The effect of non-uniform symmetric well width on the absorption coefficient characteristics is shown in Figure 6 . Both types of non-uniformity (either gradually increasing outward or decreasing outward from the centre well) shift the absorption coefficient peak towards shorter wavelength, i.e., blue shift is observed. Again, the shifted peak of the absorption coefficient occurs at the identical wavelength for both the non-uniform symmetric MQW structures. The magnitude of the absorption coefficient peak yielded by the non-uniform symmetric structure where the well width decreases gradually outward from the centre well is higher than that of the uniform symmetric structure. The same is true also when the well width is increasing outward from the centre well. The average intersubband transition energy of both types of non-uniform symmetric MQW structures being the same, the blue-shifted absorption coefficient peak is exhibited at the identical wavelength by both these structures. The intersubband energy separation differs from one well to another well in the non-uniform symmetric MQW structure. Further, the variation of transition energy between subbands in each of the quantum wells in non-uniform symmetric MQW structure with well widths gradually decreasing outward from centre well is non-identical with that in the non-uniform symmetric MQW structure with well widths gradually increasing outward from the centre well. Hence, these two types of non-uniform symmetric MQW structures show remarkable difference in the magnitude of the blue-shifted absorption coefficient peaks. However, the average oscillator strength of intersubband transitions in each of the non-uniform symmetric MQW structures is responsible for the higher magnitude of the absorption coefficient peaks with respect to that of the uniform symmetric structure.
In Figure 7 , the effect of non-uniform asymmetric dimensional distribution of well layers on the absorption coefficient vs. wavelength characteristics of MQW structures is studied. Both the non- uniform asymmetric MQW structures, with well widths either decreasing or increasing gradually from the emitter end towards the collector end, exhibit red shift of absorption coefficient peak. The coefficient is reduced in the non-uniform asymmetric MQW structure with decreasing well width compared to that of the uniform symmetric structure. On the contrary, it is seen that the absorption coefficient rises significantly in the non-uniform asymmetric MQW structure where well width increases gradually from the left towards the right contact end. The averages of the intersubband transition energy being different for both types of asymmetric structures, their absorption coefficient peak positions also vary with wavelength. The absorption coefficient peak is diminished in asymmetric structure with well widths decreasing from left towards right contact region due to the fact that the average oscillator strength of intersubband transition in this structure is less than that of the uniform symmetric structure. However, the average oscillator strength in asymmetric structure where well width increases gradually from the emitter side to the collector layer being greater than that of the uniform symmetric structure yields noticeably large absorption coefficient peak. So, the incorporation of non-uniformity in distributing well layer thickness causes either blue-shift or red-shift of coefficient peak along with reduction or enhancement of its magnitude respectively. This may be useful for the absorption of large number of incident photons along with the tuning of the wavelength selectivity of the intersubband photodetectors in the infra red (IR) range. The influence of non-uniform well doping density along with non-uniform symmetric and asymmetric well thickness is computed and plotted in Figure 8 and Figure 9 respectively. When the distribution pattern of quantum well doping density is non-uniform symmetric with well width non-uniformity of either symmetry (Figure 8 ) or asymmetry ( Figure 9 ) the absorption coefficient peak attains significantly higher magnitude compared to that of the uniform symmetric structure as well as the non-uniform symmetric or asymmetric MQW structure shown in Figure 6 and Figure 7 respectively. The reason for this phenomenon is already well understood from the explanation of Figure 5 . Hence, the non-uniform distribution of well doping density along with structural parameters of the MQW intersubband photodetector can be preferred to increase the absorption of incident photons even when the incident radiation strength is relatively low.
CONCLUSION
The absorption coefficient characteristics are theoretically investigated for uniform, non-uniform symmetric and non-uniform asymmetric distribution of well thickness and well doping density in MQW intersubband photodetector. Increase of absorption coefficient with increase in the number of wells is inferred from the mathematical formulae and is also manifested in the results. Electrical tuning of absorption coefficient peak is possible by externally applied field along the quantized direction. Further, it is noticed that the non-uniform doping density distribution where it decreases gradually from the centre well of the MQW structure yields remarkably larger absorption coefficient peak compared to the uniform symmetric doped and also asymmetric doped MQW structure. The doped non-uniform symmetric MQW structure (in terms of well thickness) exhibits the blue-shift of absorption coefficient peak whereas red-shift is shown by the doped non-uniform asymmetric MQW structure. Interestingly, the incorporation of non-uniformity of quantum well doping density distribution along with the well layer thickness significantly increases the magnitude of the absorption coefficient peak than that of the uniform symmetric structure at the required operating wavelength. Hence, appropriate tuning of structural parameters in terms of non-uniform well doping density is preferred for the detection of weak signals along with the non-uniform symmetric or asymmetric distribution of well layer thickness that is found suitable for the tuning of wavelength selectivity.
